Fractional protein synthesis rates (FSR) are widely measured by the flooding dose technique via either an i.g. or an i.v.
Introduction
The flooding dose technique for the measurement of fractional protein synthesis rates (FSR) 7 was first described by Henshaw et al. (1) and since modified by McNurlan et al. (2) and Garlick et al. (3, 4) . Routes of tracer delivery, including an i.g. compared with an i.v. route, are an important methodological consideration for application of the flooding dose technique for measurements of FSR (5, 6) . Measurements of FSR are widely carried out by both an i.p. route (1, (7) (8) (9) (10) (11) (12) (13) (14) (15) and an i.v. route (2) (3) (4) (16) (17) (18) (19) (20) (21) . However, there is a scarcity of information regarding a systemic comparison of the i.p. and i.v. routes for measurements of FSR by the flooding dose technique.
Time courses of isotopic enrichments of free and bound tracer pools and corresponding FSR in plasma, visceral organs, cardiac muscle, and skeletal muscle after an i.p. route of injection of a flooding dose of Phe containing L-[ 2 H 5 ]Phe was investigated between 15 and 75 min of post-tracer injection in studies with pigs (15) . Furthermore, FSR measured in visceral organs did not change, whereas FSR determined in plasma, cardiac muscle, and skeletal muscle decreased significantly over the time (15) . Thus, it is essential to understand factors responsible for the reduction in FSR associated with plasma and the muscles measured by the flooding dose via an i.p. route compared with an i.v. route.
Therefore, the objectives of this study were to systematically compare differences in tracer incorporation kinetics and FSR in organs and tissues measured by the flooding dose technique between an i.p. and an i.v. route and to further reveal the factors responsible for potential differences in FSR associated with these 2 routes of tracer delivery.
Materials and Methods
Pigs, diets, surgery, and experimental design. Five blocks of 2 littermate purebred Yorkshire gilts from the University of Guelph Arkell Swine Research Station were weaned at 16 d of age in 2 groups of 5 pigs each. On the day before weaning, pigs were treated with 40 mg of trimethoprim and 200 mg of sulfadoxine per kg of body weight (BW) (Intervet Canada). Immediately upon weaning, the pigs were transferred into the animal wing in the Department of Animal and Poultry Science at the university and given free access to water and a pelleted commercial starter diet. A commercial source of cereal grain, soybean meal, fish meal, and whey powder-based starter diet was formulated to meet or exceed nutrient recommendations by the NRC (22) and contained 20% crude protein, 14.0 MJ/kg of metabolizable energy, and 1.2% of true ileal digestible lysine.
Five days after weaning, Tygon catheters (1.78-mm o.d.) were surgically placed in the jugular vein and carotid artery of all pigs under isoflurane inhalation anesthesia and strict aseptic conditions by following the procedure established previously (23) . The catheters were filled with heparinized saline (200 kIU/L) to ensure patency and protected by bandages. After 3 d of recovery, littermate gilts were randomly assigned to receive the tracer by either an i.p. or an i.v. route through the jugular vein catheter. The use and care of the animals conformed to the guidelines of the Canadian Council on Animal Care (24) and all procedures were approved by the Animal Care Committee at the University of Guelph.
Infusion protocols and sample collections. The pigs were food deprived for 1.5 h and subsequently given free access to feed for 1 h before the tracer administration in an attempt to standardize the feed intake. During and after the tracer administration, pigs were held in the lap of a researcher and, therefore, had no access to feed and water for the duration of the 30-min tracer administration and sampling protocols.
The flooding dose (10 mL/kg BW), administered via either an i.p. or an i.v. route, consisted of L-Phe (1.5 mmol/kg BW; Sigma/Aldrich) containing 0.60 mol/kg BW of L-[ring-2 H 5 ]Phe (Cambridge Isotopes) in sterile saline (154 mmol NaCl/L) and was prewarmed in a water bath to 37°C before its administration. The i.p. route of tracer administration was performed in 5-10 s with a sterile 60-mL syringe and a 16-gauge needle, whereas a syringe pump (Harvard Apparatus) was used to administer the flooding dose via the i.v. route. The syringe pump was programmed to deliver the flooding dose via the i.v. route during a 15-min period, because data from our previous experiment showed that 99% of the maximal tracer Phe isotopic enrichment of free Phe in plasma was reached 15 min after the i.p. tracer injection (15) . Moreover, Southorn et al. (16) recommended a relatively long tracer infusion period (12 min) via an i.v. route to eliminate physiological effects potentially caused by the flooding dose itself. After the i.v. route of tracer infusion, the jugular catheter was flushed with 4 mL of saline. To avoid potential differences in FSR measurements caused by handling of the pigs, shami.v. and sham-i.p. routes of tracer administration were performed on the pigs receiving the i.p. or the i.v. treatment, respectively, as the following. The jugular catheter of the pigs in the i.p. route group was freed from the bandages and briefly manipulated to simulate the i.v. route of infusion. Similarly, a sterile 16-gauge needle was introduced via the i.p. route for a few seconds to simulate the i.p. route of the tracer administration in the pigs receiving the tracer via the i.v. route. Saline was not administered as a part of the sham injections, because a considerable volume of saline (10 mL/kg BW) was injected as a part of the flooding dose treatment itself for both groups.
Blood samples (4 mL) were collected into heparinized tubes (Vacutainer, 72 IU/tube; Fisher Scientific) from the carotid artery catheter immediately before and 3, 6, 9, 15, and 30 min after the beginning of the flooding dose administration and placed on ice. The catheter was flushed with 4 mL of the heparinized saline between samplings to ensure patency of the catheter and to maintain blood volume. Immediately after the last blood sampling, the pigs were killed with sodium pentobarbital (50 mg/kg BW; Schering Canada) administered through the jugular catheter. Visceral organs were then quickly removed, rinsed thoroughly in ice-cold saline (154 mmol NaCl/L at pH 7.4) containing a protease inhibitor (0.1 mmol/L phenylmethysulfonyl fluoride; Sigma), snap-frozen in liquid nitrogen, and stored at 270°C until analysis. We recorded the exact time (min) of tracer labeling measured from the end of the i.p. route of tracer injection or the start of the i.v. route of tracer infusion to the time the blood samples were placed on ice or tissue samples were placed into liquid nitrogen. Calculations and statistical analyses. In the i.p. route group of pigs, the increase in plasma free-pool tracer Phe isotopic enrichment over time was described according to Wolfe (27) as:
where E Free is the predicted isotopic enrichment (mol%) of L-[ring-
2
H 5 ]Phe in the plasma free-pool at time t, E Max is the L-[ring-2 H 5 ]Phe isotopic equilibrium (mol%) in plasma, k is the rate constant (1/min), and t is the exact time (min) of the tracer labeling. The constants E Max and k were estimated with the nonlinear modeling option in JMP 5.1.2 (SAS Institute). For the purpose of this calculation only, the time (t) for collecting blood samples before the tracer administration was designated to be 0 (rather than the observed -3). Repeated measurement analysis was used to examine the effects of time, tracer administration routes (i.p. vs. i.v.) and their interactions, and differences in plasma cortisol concentrations between the i.p. and the i.v. groups at 0, 3, 6, 9, 15, and 30 min postadministration, respectively. The time to reach 99% of the maximal isotopic enrichment of L-[ring-2 H 5 ]Phe was determined by derivatization described previously (15) . Curve fitting of the time course of plasma cortisol concentrations was conducted by using the nonlinear procedure of SAS.
In the i.v. route group of pigs, the change in plasma free-pool enrichment over time was described linearly as:
where a is the slope (mol%/min) and b is the intercept (mol%). The constants a and b were determined using the Fit-Y-by-X option of the JMP.
Regardless of the treatment groups, the FSR in organs or tissues was calculated as:
where FSR is the fractional protein synthesis rate (%/d) defined as the percentage of protein renewed in a day in a target organ or tissue, E Bound-t is the isotopic enrichment (mol%) of L-[ring-target organ or tissue, and t is the exact amount of time (min) of the tracer labeling (4, 15) .
Data were subjected to ANOVA according to a randomized complete block design with the tracer administration routes as the main effect and litter as the block factor using the mixed model of SAS. Differences between free-pool tracer enrichments of L-[ring-2 H 5 ]Phe in individual organs or tissues and plasma at 30 min postinjection within the i.p. group were compared using the pooled t test (28) . Individual pigs were the experimental units and P-values , 0.05 were considered significant in all comparisons. Where appropriate, means and associated SE values are reported in the text and tables.
Results
The BW of the piglets did not differ between the 2 groups at the time of weaning (5.9 6 0.3 kg), surgery (6.6 6 0.4 kg), or the tracer administration (7.2 6 0.5 kg). After tracer injection, the tracer isotopic enrichment in the plasma free-pool increased logarithmically over time (P , 0.05) to 24.6 mol%, 99% of which was reached at 11 min postinjection in the i.p. group (Fig. 1) . The tracer isotopic enrichment in the plasma free-pool reached its highest level within 3 min of the flooding dose of Phe and then decreased linearly (P , 0.05) at a very slow rate after i.v. tracer administration (Fig. 1) .
Albeit of a small magnitude, the tracer isotopic enrichment in the plasma free-pool at 30 min was lower in the i.p. group (P , 0.05) than in the i.v. group (Table 1) . Furthermore, the tissue intracellular free-pool tracer isotopic enrichment differed (P , 0.05) between the i.p. and i.v. groups in heart, biceps femoris, longissimus dorsi, liver, lungs, kidney, cecum, and colon, while the free-pool enrichment did not differ between the i.p. and i.v. groups at 30 min after tracer administration in other visceral organs, including pancreas, spleen, stomach, and jejunum. On the other hand, the tissue intracellular free-pool tracer isotopic enrichments were higher (P , 0.05) in pancreas, cecum, and colon than in the plasma within the i.p. group.
The bound-pool tracer enrichments in plasma, cardiac muscle, and skeletal muscle were lower (P , 0.05) in the i.p. group than in the i.v. group (Table 2) . Furthermore, the boundpool tracer enrichments were lower (P , 0.05) in the i.p. group than in the i.v. group in liver, spleen, kidney, and stomach (Table  2) . However, the bound-pool tracer enrichments did not differ between the i.p. and the i.v. groups in the other visceral organs.
The FSR measured in the plasma was lower (P , 0.05) in the i.p. group than in the i.v. group ( Table 3) . The FSR measured in both cardiac and skeletal muscles were lower (P , 0.05) in the i.p. group than in the i.v. group. Furthermore, FSR measured for spleen and stomach was considerably lower (P , 0.05) in the i.p. group than in the i.v. group. However, FSR measured in the other visceral organs did not differ between the i.p. and the i.v. groups (Table 3) .
Changes in plasma cortisol concentrations were investigated in association with the routes of tracer administration for the measurement of FSR in organs or tissues. Both routes of tracer 
Discussion
The objectives of the study were to systematically compare differences in tracer incorporation patterns and FSR in target organs and tissues measured by the flooding dose technique via the i.p. route compared with the i.v. route and to further reveal factors responsible for potential differences in FSR measurements associated with these 2 routes of tracer delivery. We compared the 2 routes of tracer delivery within 30 min of the post-tracer administration for the 2 following reasons. First, a short duration within 15-30 min of tracer injection is most frequently used by researchers for the flooding dose technique due to time constraint for most research activities. Second, FSR in the cortisol-sensitive tissues or organs such as muscles decreased dramatically with time from 15 to 90 min of the posttracer injection, with the decreases most profound during the initial time slot of 15-30 min. Several measures were taken to minimize systemic variations in the pigs receiving the different routes of the tracer delivery, including: 1) both the i.p. and the i.v. groups of piglets were pairs of littermate gilts to minimize genetic differences in protein synthesis activity; 2) all the pigs had catheters surgically placed in the carotid artery and jugular vein to minimize differences in FSR attributable to the surgery, although the jugular vein catheter was used in the i.v.-administered pigs for only the delivery of the flooding dose; and 3) sham i.p. injection or sham i.v. infusion was performed on pigs receiving the i.v. or the i.p. administration, respectively, to minimize potential systemic differences in handling procedures. When the tracer and tracee Phe was injected via the i.p. route, the plasma free-pool tracer isotopic enrichment increased logarithmically over time, consistent with the pattern reported in our previous studies of the i.p. route for flooding dose in piglets (15) . However, the plasma free-pool tracer isotopic enrichment decreased linearly over time when the tracer and tracee Phe were infused via the i.v. route consistent with the pattern of several previous studies (2, 3, 12) . Once injected into the cavity via the i.p. route, the tracer had to redistribute from the peritoneal cavity into plasma in the i.p.-injected piglets, thus explaining the lag time needed and the logarithmic increase in the plasma freepool tracer isotopic enrichment in agreement with the previous observations by Morá n et al. (29) . In contrast, distribution of the tracer from the circulating blood into intra-and extracellular pools explains the linear decrease in the plasma free-pool tracer isotopic enrichment after the i.v. route of the tracer infusion. Therefore, there are distinctive plasma tracer free pool kinetic patterns in association with the flooding dose technique between the i.p. and the i.v. routes of tracer delivery.
Results from our previous study (15) showed that the plasma free-pool tracer isotopic enrichment was sustained for at least 75 min post-tracer administration, suggesting that the plasma freepool isotopic enrichment in the i.p.-and the i.v.-administered pigs would be maintained until 30 min. In accordance with our previous findings (15) , the pigs used in this study were killed and organ and tissue samples harvested at 30 min after the start of the tracer administration. The significantly higher free-pool tracer isotopic enrichments observed in pancreas, cecum, and colon than in the plasma for the i.p. group of this study were in agreement with our previous study of an i.p. flooding dose (15) , suggesting that some tracer Phe might have been transported directly from the i.p.-injected cavity pool into the intracellular space of organs. However, physiological mechanisms of this tracer Phe uptake process are unclear. Despite significant differences in the free-pool tracer isotopic enrichments observed in some target organs and tissues, the differences were small in Fig. 2 ). The negative effect of glucocorticoids on protein synthesis is shown to be mediated through affecting some of the key protein synthetic initiation factors as was well demonstrated in skeletal muscles (30) . Recent studies suggest that the glucocorticoids inhibit protein synthesis by depressing the mammalian target of rapamycin-signaling pathway through stimulating the regulated in development and DNA damage responses protein 1 but not the regulated in development and DNA damage responses protein 2 (31, 32) . Data from this ( Fig. 1 ) and our previous study (15) showed that the free-pool tracer enrichment started to reach its plateau in the plasma and in all the organs and tissues at ;11-12 min after the flooding dose of the i.p. tracer injection. Meanwhile, the cortisol concentration surge did not reach its peak and its significant difference from the i.v. group until 30 min after the flooding dose of the i.p. tracer and tracee Phe injection from this study. Thus, the completion of sampling of these cortisol-sensitive tissues and organs within 12 to 20 min after the i.p. tracer injection would be conceivable to minimize the potential negative impacts associated with the i.p. injectionbased flooding dose approach for measuring FSR in plasma, cardiac muscle, and skeletal muscles.
An interesting observation of this study was that the handling of piglets during tracer administration and blood sampling caused a transient logarithmical pattern of rise in the plasma cortisol concentration in both the i.p. and the i.v. groups. This observation was consistent with earlier reports that acute human-pig interactions, e.g. handling piglets during blood sampling, caused transient plasma surges of glucocorticoids and glucose concentrations in responses to stress (33, 34) . The much more dramatic increase in the plasma cortisol concentration in the i.p. group than in the i.v. group is likely due to the fact that the i.p. injection procedure, including the injection of the flooding dose of saline into the peritoneal cavity within a very short period of time, was more stressful and stimulating to causing the cortisol concentration surge in the piglets compared with the i.v. group of piglets. However, it should be pointed out that the cortisol concentration surge patterns due to the routes of tracer administration from this study cannot be simply extrapolated to other experimental conditions. Cortisol concentration surge patterns as well as a potential effect of cortisol on target organ or tissue protein synthesis rates may also be different under different physiological conditions or health status such as prolonged fasting, burn, infection, etc., which need to be investigated in future studies.
In conclusion, the administration of a flooding dose of an amino acid tracer-tracee mixture via both the i.p. and the i.v. routes has effectively flooded the whole body plasma, organ, and tissue tracer free pools with distinctive patterns of extracellular free pool tracer kinetics that are valid for the measurement of FSR. Measurements of FSR in plasma, cardiac muscle, and skeletal muscles may be underestimated by the flooding dose via the i.p. route of tracer delivery due to the effect of plasma cortisol concentration surge. A fast regimen of tissue sampling to be completed within 12 to 20 min after an i.p. route of tracer and trace injection may be helpful to minimize the potential negative impact on the measurement of FSR in plasma and the muscles by the flooding dose technique.
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